ed subjects showed significant signal increases in both the right and left amygdalae to novel versus familiar faces [Fig. 1C; t(12) ϭ 3.13, P ϭ 0.004], whereas adult subjects categorized as uninhibited in the second year of life did not show a significant change in BOLD signal to novel versus familiar faces. The repeated-measures ANOVA affirmed that the responses in the right and left amygdalae were similar (21-23).
Reversal and Stabilization of Synaptic Modifications in a Developing Visual System
Qiang Zhou, Huizhong W. Tao, Mu-ming Poo* Persistent synaptic modifications are essential for experience-dependent refinement of developing circuits. However, in the developing Xenopus retinotectal system, activity-induced synaptic modifications were quickly reversed either by subsequent spontaneous activity in the tectum or by exposure to random visual inputs. This reversal depended on the burst spiking and activation of the N-methyl-D-aspartate subtype of glutamate receptors. Stabilization of synaptic modifications can be achieved by an appropriately spaced pattern of induction stimuli. These findings underscore the vulnerable nature of activityinduced synaptic modifications in vivo and suggest a temporal constraint on the pattern of visual inputs for effective induction of stable synaptic modifications.
Synaptic modifications induced by patterned neuronal activity are essential for experiencedependent refinement of developing circuits (1) (2) (3) (4) (5) as well as learning and memory (6) (7) (8) (9) in the adult brain. However, how these modifications become stabilized in the constant presence of neuronal activity in vivo remains largely unclear. We addressed this question using a specific in vivo preparation (10, 11) . Synaptic connections in the developing tectum of Xenopus are highly susceptible to modification by activity in the visual pathway. Long-term potentiation (LTP) and long-term depression (LTD) can be readily induced at retinotectal synapses by correlated spiking of retinal ganglion cells (RGCs) and tectal neurons (12) and by repetitive visual stimuli (13) . In these studies, the postsynaptic tectal neurons were usually voltage-clamped at a constant membrane potential, a condition that prevents neuronal spiking. Under natural conditions, however, postsynaptic neurons are likely to spike spontaneously, as a result of random sensory inputs due to ambient illumination (14) or inputs from other brain regions (15, 16) .
We first examined whether spontaneous activity of tectal neurons affects the persistence of LTP and LTD at retinotectal synapses induced by correlated pre-and postsynaptic activity. Repetitive suprathreshold stimulation of an RGC input (at 1 Hz for 100 s) resulted in an immediate increase in the amplitude of excitatory postsynaptic currents (EPSCs), without affecting the unstimulated control input that converged onto the same tectal neuron (Fig. 1A) . This potentiation was long-lasting when the Division of Neurobiology, Department of Molecular and Cell Biology, University of California, Berkeley, CA 94720 -3200, USA.
*To whom correspondence should be addressed. Email: mpoo@uclink.berkeley.edu tectal neuron was kept in voltage clamp (v.c.) after the correlated spiking (Fig. 1B) . However, when the recording was switched to current clamp (c.c.) for a period of 10 min, the stimulation-induced synaptic potentiation was largely abolished (Fig. 1, A 1 and C) (17) . Despite reversing recently induced LTP, spontaneous activity did not affect the control RGC input on the same tectal neuron (Fig. 1, A 2 and D) . This reversal is not limited to LTP induced by the low-frequency correlated spiking. LTP induced by conventional theta burst stimulation (TBS) (18) , which causes high-frequency correlated activity, was similarly reversed by spontaneous activity 10 min after LTP induction (Fig. 1E) . Correlated pre-and postsynaptic spiking can also induce LTD at these retinotectal synapses (12) . Repetitive stimulation of subthreshold RGC inputs at 1 Hz (for 50 s), when preceded within 5 to 10 ms by postsynaptic spiking (evoked by injection of a depolarizing current), induced a persistent reduction of the EPSC amplitude when monitored in v.c. (Fig. 1B) . Switching the recording to c.c. for 10 min after correlated activation largely abolished the depression (Fig. 1C ).
These modifications of retinotectal synapses were induced by electrical stimulation of RGCs. Can synaptic modifications induced by visual experience be similarly reversed by spontaneous activity? We measured changes in the synaptic strength of a number of retinotectal connections before and after exposure of the retina to 60 sweeps of a unidirectional moving bar (11), a condition known to induce a persistent directional sensitivity in the tectal response when the tectal neuron is continuously monitored under v.c. (19) . When the EPSCs were monitored in the tectal neuron under v.c. (Fig. 2, A and B), some connections became potentiated (20 out of 40), whereas others became depressed (11 out of 40) or remained unchanged (9 out of 40) (20) . Such disparate changes are consistent with selective modifications of retinotectal connections that underlie the emergence of directional sensitivity. When the tectal neuron was allowed to spike for 10 min under c.c. within a few minutes after training with the moving bar, synaptic potentiation or depression was greatly diminished (Fig. 2, B 1 and B 2 ). This is consistent with the findings on the reversal of LTP and LTD induced by correlated activation of RGCs and tectal neurons. When we recorded the spiking activity from tectal neurons in cell-attached configurations, the enhanced spiking activity of the tectal neuron in response to movingbar stimuli after training with the same stimuli (19) also showed gradual reversal (Fig.  2D 1 ) . This reversal did not occur when spontaneous activity (including spiking) was eliminated by treatment with the glutamate receptor blocker kynurenic acid (KyA) (Fig. 2D 2 ) .
Spontaneous activity of the tectal neuron usually consists of random single spikes and bursts of spikes (Fig. 3, A 1 and C) . The extent of LTP reversal correlated well with the occurrence of bursts, but not with the mean spiking frequency (Fig. 3B) . Light stimulation, such as random flashes of white light squares onto the retina (11), readily induced burst firing in the tectal neurons (Fig. 3A 2 ) , which was also reflected in the enriched high-frequency components in the distribution of interspike intervals (Fig. 3C) . To further test the idea that burst spiking is important for the reversal of LTP and LTD, we applied random light flashes to the retina after correlated pre-and postsynaptic activation. A 5-min application of 60 episodes of random flashes (with tectal neurons in c.c.) completely abolished both potentiation and depression (Fig. 3D) . Furthermore, the extent of reversal of LTP induced by random flashes correlated well with the mean number of bursts per minute (Fig. 3B 1 ) , but not with the mean frequency of spikes that occur in the tectal neuron (Fig. 3B 2 ) . Potentiation induced by TBS was also completely abolished by subsequent random flashes (n ϭ 5 cells) (21) . In addition, moving bar-induced potentiation and depres- sion of retinotectal connections was similarly reversed by random flashes (Fig. 2C) . Thus, random sensory inputs are effective in reversing synaptic modifications induced by patterned synaptic activation, and bursts occurring in the tectal neuron are likely to be the primary cause of this reversal. This result demonstrates that visual inputs can both induce and reverse synaptic modifications, depending on their specific spatial and temporal patterns.
An immediate effect of random light flashes is the spiking activity of tectal neurons. We first examined whether such spiking activity is necessary for the reversal of LTP. Postsynaptic spiking caused by random light flashes was prevented by hyperpolarization of the tectal neuron to -80 mV (in c.c.). Under this condition, exposure to the same 5-min random flashes at 10 to 15 min after LTP induction did not reverse the potentiation (Fig. 3E) . However, burst spiking in the tectal neurons alone is not sufficient for LTP reversal, because burst spikes elicited by current injection in the tectal neurons, while synaptic transmission was blocked by KyA, did not reverse LTP (Fig. 3F) . In contrast, the same spiking activity driven by RGC input completely abolished potentiation (Fig. 3F) . Furthermore, random light flashes were ineffective in reversing LTP when the tectum was infused with D-aminophosphovalerate (D-APV) (50 M), a specific N-methyl-D-aspartate (NMDA) receptor antagonist (Fig. 3E ) (22) . Thus, this reversal of LTP requires RGC-driven burst spiking in the tectal neurons and the activation of NMDA receptors. Burst spiking in the postsynaptic cell can lead to reversal of LTP through a homosynaptic (Fig. 3F ) as well as a heterosynaptic (11) effect. Because the bursting spikes triggered by random flashes are largely uncorrelated with the activity of the specific retinotectal connection under examination, the reversal of synaptic modification appeared to result largely from uncorrelated postsynaptic spiking induced by other converging inputs on the tectal neuron (11) . This heterosynaptic nature of the reversal is distinct from the depotentiation (23, 24) or de-depression induced by subsequent activity at potentiated or depressed synapses (25, 26) , but is similar to the reversal of tetanus-induced hippocampal LTP that is associated with rats who enter a new environment (27) . One potential factor mediating the reversal of LTP is protein phosphatase 1/2A (PP-1/2A) (28) . Incubation of the tectum with okadaic acid, a selective PP-1/2A blocker, eliminated the reversal of LTP (11) . Furthermore, we found that random flashes were effective in reversing LTP only when they were presented during the first 20-min period after the induction of LTP (Fig. 3G) . This temporal constraint is analogous to that of the homosynaptic depotentiation of tetanus-induced LTP at hippocampal synapses by low-frequency stimulation of the potentiated synapses (28) (29) (30) .
The existence of the critical window for the reversal of LTP and the observation that the reversal appears to be gradual (Fig. 2D) suggest that stable synaptic modifications may be achieved by repetitive induction of LTP or LTD that counteracts the reversal action of spontaneous activity. We hypothesized that, whereas one episode of induction stimuli fails to induce persistent synaptic modifications, repetition of induction episodes in a "spaced" manner might result in persistent synaptic modifications, and the extent of stable modification might depend on the spacing of the induction episodes (Fig.  4A) . We tested this hypothesis on TBSinduced LTP at retinotectal synapses. The magnitude of LTP is saturated when the total number of bursts in the TBS exceeded 20. However, synaptic potentiation induced by TBS (60 bursts) was completely abolished by 20 min of spontaneous activity (in c.c.), interrupted briefly three times for monitoring of EPSCs, after the induction of LTP (Fig. 4B) . This reversal of synaptic potentiation was not due to deleterious neuronal or synaptic conditions, because subsequent TBS (20 bursts) was fully effective in inducing LTP to a similar extent (Fig. 4B) . In contrast to the "massed" TBS (60 bursts) in one induction episode, spaced application of three episodes of TBS (20 bursts each) within the 20-min period counteracted the effect of spontaneous activity, resulting in persistent synaptic potentiation. Residual potentiation resulting from each TBS episode accumulated when the subsequent TBS episode was applied before the reversal was completed (Fig. 4C ) (11) . Spaced TBS was effective in producing stable LTP, to a level that occluded further potentiation by subsequent TBS application (Fig. 4D) . Furthermore, when the interval between TBS episodes increased beyond an optimal interval of 5 min, the extent of stabilization became progressively diminished (Fig. 4E ). Finally, we tested whether movingbar stimulation with a spaced rather than a massed pattern could lead to the long-lasting appearance of directional sensitivity in tectal neurons (11) . Preference toward the trained direction was found in 12 out of 25 tectal neurons that were trained with the spaced pattern, whereas no preference was observed in 15 out of 15 cells that were trained with the massed pattern of stimuli (Fig. 4F ).
Our results demonstrate the disruptive influence of spontaneous activity on experienceinduced synaptic modifications in vivo and suggest the existence of a temporal constraint on the pattern of visual inputs necessary for induction of stable synaptic modifications. Because the developing visual system is highly modifiable by light exposure (13, 14, 31) , the susceptibility of synaptic modification to reversal by spontaneous activity may serve as a protective mechanism against long-lasting synaptic changes triggered by incidental episodes of correlated activity. In the face of this susceptibility, a spaced pattern of visual inputs becomes essential for stable synaptic modifications. 
Translation of Polarity Cues into Asymmetric Spindle Positioning in

Caenorhabditis elegans Embryos
Kelly Colombo, 1 Stephan W. Grill, 2 Randall J. Kimple, 3 Francis S. Willard, 3 David P. Siderovski, 3 Pierre Gönczy 1 *
Asymmetric divisions are crucial for generating cell diversity; they rely on coupling between polarity cues and spindle positioning, but how this coupling is achieved is poorly understood. In one-cell stage Caenorhabditis elegans embryos, polarity cues set by the PAR proteins mediate asymmetric spindle positioning by governing an imbalance of net pulling forces acting on spindle poles. We found that the GoLoco-containing proteins GPR-1 and GPR-2, as well as the G␣ subunits GOA-1 and GPA-16, were essential for generation of proper pulling forces. GPR-1/2 interacted with guanosine diphosphate-bound GOA-1 and were enriched on the posterior cortex in a par-3-and par-2-dependent manner. Thus, the extent of net pulling forces may depend on cortical G␣ activity, which is regulated by anterior-posterior polarity cues through GPR-1/2.
The mechanisms that establish cell polarity are increasingly well understood, but relatively little is known about how polarity cues are translated into appropriate spindle positioning (1, 2). The PAR proteins, which are essential for cell polarity across metazoan evolution (3), were originally identified in the nematode C. elegans (4), where they establish polarity along the anterior-posterior (AP) axis after fertilization. During mitosis in onecell stage C. elegans embryos, PAR proteins govern an imbalance of forces acting along astral microtubules and pulling on spindle poles (5) . As a larger net force pulls on the posterior spindle pole, the spindle elongates asymmetrically and the first division is unequal. The components required for the generation of pulling forces have not yet been
